A galactose specific lectin (CpL) was purified from the Clavaria purpurea mushroom by affinity chromatography. CpL agglutinated only trypsin-treated rabbit erythrocytes. On enzyme linked lectin sorbent assay (ELLSA), the lectin bound with thyroglobulin and asialo bovine submaxillary mucin (BSM). The fine sugar binding specificity of CpL was elucidated using inhibition of hemagglutination and sugar immobilized gold nanoparticles (SGNP). The results indicated a preference of CpL towards -galactosyl sugar chains. Among several monosaccharides and disaccharides assayed for dissociation effect on the SGNP-CpL complex, Gal1-3Gal and raffinose were the best inhibitors. The partial amino acid sequence showed two QXW motifs in CpL and similarity towards members of the ricin B superfamily.
Lectins are proteins or glycoproteins, of non-immune origin that are capable of agglutinating cells through sugar-specific binding sites and hence agglutinate polysaccharides and glycoconjugates.
1) The specificity of the binding sites varies greatly among lectins: some broadly recognize oligosaccharides containing particular terminal sugars, while others show particular reactivity to oligosaccharides but none to their sugar monomers. Lectins are widespread in the biosphere and occur in almost all living organisms, including plants, animals, algae, fungi, microorganisms, and viruses.
Several researchers have isolated lectins that exhibit binding specificity towards various oligosaccharides and/or their sugar monomers.
2) The high degree of lectin-specificity to carbohydrates makes them good molecular tools for the study of carbohydrate architecture in various biological systems and the dynamics on cells, 3) and for the isolation and characterization of glycoconjugates and blood-typing. 4) Especially, recent research on fungal (mushroom) lectins indicates that they are promising molecular tools. 5, 6) Further simple and sensitive methods of studying binding between lectins and sugars are of key interest to researchers, and the more information is available on a particular lectin the wider the opportunities for its application. Several methods have been employed to study lectin-sugar binding specificity, including calorimetric measurements, 7) equilibrium dialysis, 8) frontal affinity chromatography, 9) and ELLSA. 10) The present paper presents the use of sugar-immobilized gold nano-particles (SGNP) in the study of the sugar binding specificity of lectins. Estimation of lectin affinity and its binding strength towards sugars by the use of gold nanoparticles immobilized with structurally defined sugar chains has been of practical interest for a decade. [11] [12] [13] The present study employed SGNPs to assess the fine carbohydrate binding specificity of the purple spindle mushroom Clavaria purpurea lectin (CpL) (Murasaki naginatatake in Japanese) in order to obtain information for its possible application in glycobiological and biomedical research.
Materials and Methods
Materials. Fruitbodies of C. purpurea were collected during spring and autumn from coastal pine forests of Fukiage Beach in southern Japan during [2005] [2006] [2007] [2008] . The samples were freeze-dried and stored at 4 C. Sugars and glycoproteins were purchased from Sigma-Aldrich (St. Louis, MO). Asialoglycoproteins were prepared by desialylation with 0.1 M H 2 SO 4 at 80 C. Sugar chain-immobilized gold nanoparticles (SGNPs) were purchased from Sudx-Biotec (Kobe, Japan).
Purification of the CpL was conducted at 4 C. Freeze-dried samples were ground into powder and the lectin was extracted by homogenizing the mushroom powder with phosphate buffered saline (PBS) at pH 7.2 for 1 h. The resulting supernatant was filtered and centrifuged at 12;000 Â g to remove insoluble residues. Solid (NH 4 ) 2 SO 4 was added to the supernatant to 100% saturation and then left overnight to precipitate. The precipitate was collected by centrifugation at 18;000 Â g for 20 min, and then dissolved in phosphate buffered-saline (PBS) and loaded onto a PBS-equilibrated asialofetuin-Eupergit C column. The adsorbed lectin was then eluted with 200 mM galactose in PBS. Hemagglutination activity (HA) was monitored throughout the purification process.
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Inhibition of HA was assayed with trypsinized rabbit erythrocytes in the presence of saccharides and glycoproteins as inhibitors. Two-fold serially diluted sugars (or glycoproteins) were mixed with equal volumes (25 mL) of lectin solution, and the mixture was allowed to stand for 30 min. Twenty mL of 4% trypsinized rabbit erythrocyte suspension was then added to the mixture, which was incubated for 1 h at room temperature. Inhibition was defined as the minimum concentration of a sugar or glycoprotein required to inhibit the HA of titer 4 completely.
Estimation of protein concentration. The protein concentration was estimated following Lowry et al., 14) using bovine serum albumin as standard.
Determination of the molecular weight of CpL. The molecular weight of CpL was determined by three methods: sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), high-performance liquid chromatography (HPLC) gel filtration, and matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS).
SDS-PAGE was conducted by a procedure adapted from Laemmli 15) using 15% polyacrylamide running gel. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250. The molecular weight of the purified CpL was then determined by comparing its mobility with a wide range (3.5-205 kDa) standard molecular weight marker proteins (Technical Frontier, Tokyo). The HPLC gel filtration method was used with a Tosoh TSK-Gel G2SW XL column (7.8 mm ID Â 30 cm) with 0.1 M sodium phosphate buffer, pH 6.8, at a flow rate of 0.5 mL/min. Calibration of molecular mass was done using the standard molecular weight proteins (Sigma-Aldrich). MALDI-TOFMS was recorded in positive ion mode at a detector voltage of 1.8 kV, and was expressed as the averaged results of at least 100 laser shots. Sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid) was used as matrix.
pH stability and metal-cation requirements of CpL. The pH stability of CpL was determined by incubating the lectin (0.1 mg/mL) in buffers at pH values ranging from 2-10 for 24 h at 4 C, as follows: 20 mM glycine-HCl (pH 2.0-3.0); 20 mM sodium acetate buffer (pH 3.6-5.6); 20 mM sodium phosphate buffer (pH 6.0-7.5); 20 mM Tris-HCl (pH 8.0-8.5), and 20 mM glycine-NaOH (pH 9.0-10). The pH of the lectin solutions was adjusted to 7.0 using 0.1 M HCl and/or 0.1 M NaOH before the hemagglutination assay.
The effect of divalent metal ions on the HA of CpL was assessed by conducting initial exhaustive dialysis against 50 mM EDTA for 48 h to remove any metallic ions, followed by additional dialysis against 50 mM Tris-HCl buffer, pH 7.2 for 12 h. The HA was then assayed in the presence and the absence of 50 mM chloride salts of Ca, Mg, Mn, Zn, and Fe 3þ , or CuSO 4 . The resulting solution was then incubated for 1 h at room temperature.
Determination of amino acid (AA) composition and partial sequence. To determine the AA composition of CpL, 100 mg of pure lectin was hydrolyzed under vacuum with 1 mL of 6 M HCl at 110 C in a sealed tube for 24 h. The hydrolysate was then neutralized, derivatized, and assessed by analysis in a PICO-TAGÔ AA analysis system (Waters Millipore, Milford, MA). Cysteine was measured after 4-vinylpyridylation. 16) The AA sequence of CpL was determined by chemical cleavage and enzymatic digestion of CpL. Chemical cleavage was targeted at the tryptophan residue using o-iodosobenzoic acid following Mahoney et al. 17) and asparagine-glycine bonds using hydroxylamine as described by Enfield et al. 18) Cleaved fragments were separated by tricine SDS-PAGE and electroblotted onto a PVDF membrane. Enzymatic digestion of CpL was then conducted using trypsin, thermolysin, and asparaginyl endopeptidase enzymes. CpL was dissolved in 0.1 M NH 4 HCO 3 at pH 8.1 and digested with trypsin (EC 3.4.21.4, Wako, Osaka, Japan) at 37 C for 4 h at an enzymesubstrate ratio of 1:50 w/w. Cleavage with thermolysin (EC 3.3.24.4, Wako) was performed at an enzyme-substrate ratio of 1:50 w/w at 37 C for 2 h. Asparaginyl endopeptidase (EC 3.4.22.34, TakaraBio, Kyoto, Japan) was used to hydrolyze CpL at an enzyme-substrate ratio of 0.1 mU/10 nmol at 37 C for 15 h in 20 mM sodium acetate buffer, pH 5.0, containing EDTA and 10 mM dithiothreitol.
The peptides were separated by reverse-phase high performance liquid chromatography on a Cosmosil 5C4 column AR 300 (4:6 Â 250 mm, Nacalai Tesque, Tokyo) for tryptic peptides and asparaginyl endopeptidase peptides, and a Cosmosil 5C18 column AR 300 (4:6 Â 250 mm) for other peptides. The samples were eluted at a flow rate of 0.8 mL/min using a linear gradient of 0-60% acetonitrile in 0.1% TFA with monitoring of the absorbance at 220 nm. After purification, the peptides were analyzed by MALDI-TOFMS, and the AA sequences were determined on a Procise 492 protein sequencer (Perkin-Elmer, Applied-Biosystems Division, Foster City, CA).
Enzyme linked lectin-sorbent assay (ELLSA) and inhibition assay. ELLSA and inhibition assay of the lectin were done using a biotinylated lectin. The carboxyl terminal of CpL was biotinylated with biotin hydrazide (Dojindo, Kumamoto, Japan) following the manufacturer's protocol. The resulting conjugate was then dialyzed against PBS and stored at 4 C. ELLSA was done on 96-well F-bottomed microwell plates (Nunk, Roskilde, Denmark) by a procedure described by Duk et al. 19) All reagents were added at 50 mL/well, and incubation (except coating) was done at 20 C. PBS containing 0.05% Tween 20 (PBS-T) was used to wash the microtiter wells. All reagents were diluted with PBS-T, unless otherwise stated. The wells were coated overnight with 250 ng asialofetuin at 4 C in 50mM carbonate-bicarbonate buffer, pH 9.6. Twenty-five ng of biotinylated Cpl and varying amounts of glycoproteins were incubated for 45 min and added to the asialofetuincoated wells. After incubation for 1 h, the plates were washed and avidin alkaline phosphatase solution (1:10,000, Sigma-Aldrich) was added, and then the plates were extensively washed again. Subsequently, 1 mg/mL p-nitrophenyl (PNP) phosphate in 50 mM carbonates buffer, pH 9.6, containing 1.0 mM MgCl 2 was added and this was incubated for 2 h at room temperature. The absorbance was then measured at 405 nm using a microtiter reader. The inhibitory activity of the glycoproteins was expressed as the amount of inhibitor giving 50% inhibition of control CpL binding. All experiments were conducted in triplicate, and the results were expressed as mean values.
Inhibition assay using sugar chain-immobilized gold nanoparticles (SGNPs). The binding specificity of pure CpL with various sugars was assayed using -galactosyl-GNP. To determine the optimal binding concentration of CpL with SGNPs to form SGNP-CpL, 2-fold serially diluted lectin was mixed with equal volumes of SGNP colloidal solution (25 mL, A 530 ¼ 3). The mixture was gently rotated and incubated at 25 C for 18 h. The supernatant of the mixture was measured on a Thermo Scientific NanoDrop 8000 spectrophotometer at 1-mm path length. In the assay, relative changes in the absorption of SGNP at 530 nm with increasing amounts of added CpL were recorded. The minimum CpL (monomer) concentration required to form aggregates with -galactosyl-GNP was determined to be 2.0 mM. The dissociation effect of free sugars with SGNP-CpL complex was measured by a procedure similar to that in the binding experiment by mixing a 1:1 v/v ratio of -galactosyl-GNP and CpL (60 mg/mL). The mixture was incubated overnight at 4 C and the aggregates were sedimented by centrifugation at 1;000 Â g for 2 min at 25 C. The supernatant was then removed, and 50 mL of 2-fold serially diluted solutions of different saccharides were added to each well and mixed thoroughly. The absorbance was read after 2 h of incubation at 25 C. The sugar concentration giving 50% of dissociation was obtained to estimate the binding strength of a given sugar.
Results and Discussion
This is the first report on the characterization of a lectin from the family Hymenochaetales since the separation of Clavaria purpurea from the genus Clavaria to its own genus Alloclavaria by Dentinger and McLaughlin. 20) The current classification separating A. purpurea from Clavaria is based on phylogenetic analyses of ribosomal DNA sequences from a variety of clavarioid mushrooms. The CpL was purified by affinity chromatography using an asialofetuin-immobilized column, and purification by a single step process gave fairly high yields with 82% recovery from 792 mg of crude proteins based on HA. The affinity purification of CpL is shown in Fig. 1 . The specific activity of purified CpL increased by about 160-fold, from crude extracts to 49,000 titer per mg of protein (Table 1) .
CpL migrated as a monomer of 16 kDa on SDS-PAGE, indicating homogeneity (Fig. 2) . MALDI-TOFMS spectrometry gave a main peak at m=z 15,900 Da (Fig. 3) . HPLC gel filtration using a TSKGel G2SW XL column produced a single symmetrical peak at an elution volume corresponding to 32 kDa (Fig. 2) , suggesting that CpL is a homodimer.
Like many lectins, CpL was stable over a wide range of pH, from 4.0-10.0, with recorded maxima at pH 7.0-8.2 (Fig. 4) . The addition of divalent cations such as CaCl 2 , MgCl 2 , MnCl 2 , CuCl 2 , ZnCl 2 , and FeCl 3 did not affect the HA, suggesting that the HA of CpL is independent of metal cations.
CpL agglutinated only trypsin-treated rabbit erythrocytes and not human erythrocytes A, B, and O, irrespective of trypsin treatment.
To understand CpL-carbohydrate interaction, a hemagglutination-inhibition assay and on-site binding interaction between sugar and CpL using a SGNP were conducted. The effects of various sugars on the HA of CpL are summarized in Table 2 . PNP--Gal and 4MU--Gal inhibited the HA of the lectin at 0.78 mM.
-Galactosyl derivatives were better inhibitors thangalactosyl derivatives. The results for binding interaction between CpL and -galactosyl GNP are shown in Fig. 5 , and the dissociation constant of CpL forgalactosyl GNP was deduced to be higher than 1 Â 10 À6 M, comparably with the results reported by Suda et al. 13) for ConA. The interaction between sugar and CpL was examined by measuring the 50% dissociation of the SGNP-CpL complex, as shown in Table 3 . Among the oligosaccharides tested, tri-galactoside was the best inhibitor, and Gal1-3Gal was more active than Gal1-4Gal or Gal1-2Gal. Raffinose was also a potent inhibitor. Of the galactosides, PNP--Gal and Me--Gal Crude extract (792 mg) was loaded, and after washing of the column with PBS, lectin was eluted with 0.2 M galactose in PBS, pH 7.2, at a flow rate of 20 mL/h. , Absorbance at 280 nm;
, Activity (titer). a HA was determined using trypsin-treated rabbit erythrocytes. were potent inhibitors, but less potent than digalactosides, and -anomers were better inhibitors thananomers, irrespective of aglycones.
Judging by its sensitivity, the amount of sugar necessary for the SGNP method is very small. For example, the raffinose required was only 1/12,000 of that for HA inhibition. Moreover, no special equipment is necessary except for a spectrophotometer for SGNP method. However, some lectins did not easily precipitate as lectin-SGNP complex. The SGNP method is not applicable to all lectins. Several differences were found between the HA inhibition study and the dissociation of CpL-SGNP. In HA inhibition, PNP-and Me--Gal were stronger inhibitors than digalactosides, whereas the reverse was found for dissociation of SGNP-CpL. A similar difference between HA inhibition and other methods is known for cycad leaf lectin (CRLL) 21, 22) and carcinoscorpion. 23, 24) The binding potency of M5glyco-peptide was higher than that of M9peptide in HA inhibition of CRLL, whereas the reverse was held for the association constants of frontal affinity chromatography. In HA inhibition of carcinoscopion, the binding potency of N-acetylneuraminyllactosamine was higher than that of N-acetylneuraminic acid, but the reverse was held for the association constant. HA inhibition is performed using erythrocytes. Therefore, HA can give the complex results in comparison with those by association or dissociation of lectin-ligand complex in a simplified measurement system.
For the binding of CpL with galactose, the 4-and 6-hydroxyl groups in the galacto-pyranose ring were inferred to be important. Lack of reactivity of glucose, which has an axial epimer of galactose at 4-hydroxyl implies that CpL recognizes the orientation of the hydroxyl group at C-4. D-Fucose showed no dissociation effect. Hence the hydroxyl group of C-6 appears to participate in the binding. L-Arabinose, with similar configuration to D-galactose but lacking CH 2 OH at C-6, was less reactive, at 29-fold lower than galactose, indicating that the hydroxyl group on the C-6 of One hundred mg/mL of pure lectin was incubated in buffers of different pH values, ranging from 2-10, for 24 h at 4 C. The HA was assayed after adjustment of the pH to 7.0. galactose is also important. Compared with the 4-and 6-hydroxyl groups, 2-hydroxyl appeared to be weak due to the GalNAc inhibition. The hemagglutination inhibition assay of CpL by glycoproteins reported in Table 2 indicates that CpL exhibited the strongest reaction with thyroglobulin and desialylated glycoproteins BSM, fetuin, and PSM. This trend was also observed when inhibition of the binding of CpL was examined by ELLSA (Table 4 and Fig. 6 ). The results indicate that asialoBSM, asialoPSM, and thyroglobulin were the best inhibitors. This indicates that CpL binds to sub-terminal galactose residues exposed by the cleavage of non-reducing terminal sialic acids, since galactose is the most abundant sub-terminal monosaccharide. CpL-glycoprotein interaction was strongly masked by sialic acid. These results are in good agreement with Baenziger and Fiete, 25) who reported that the presence of sialic acid substituents on Gal of I/II or T/Tn markedly reduced binding reactivity. Bovine thyroglobulin, which is rich in -galactoside, was 2 times more potent than asialo fetuin with -galactose, confirming a CpL preference for -galactose. The complex type sugar chain of bovine thyroglobulin contain an 1-3 linked galactose residue as terminal non-reducing sugar. 26) Inhibition preference can be summarized as
Transferin was a poor inhibitor, and quail ovomucoid and 1 -acid glycoprotein showed no inhibition. Amino acid analysis of pure lectin indicated that CpL lacks cysteine, lysine, and methionine residues ( Table 5 ). The absence of these three amino acids is very rare in mushroom lectins. A similar absence of them has been reported for Pleurocybella porrigens lectin (PPL). 27) However, CpL contained high contents of Gly, Ser, and Glx residues.
Initially, the N-terminal AA of CpL was not found by Edman degradation with the protein sequencer, suggesting its N-terminus is blocked. Hence, CpL was subjected to enzymatic digestion and chemical cleavage to obtain inner AA sequences. The partial sequences suggested a similarity to the ricin super family domain lectin (Figs. 7, 8 ). Ricin domains are composed of three repeating sub-domains, QXW, that may have originated from an ancestral galactose binding motif. 28) Two QXW motifs were identified in CpL. Previously the QXW motif was found in five fungal lectins, Clitocybe nebralis lectin (CNL), 29) Laetiporus sulphureus lectin (LSL), 30) The quantity for 50% inhibition was estimated from the inhibition curves (Fig. 7) .
Inhibition (%)
Glycoprotein (ng) Marasmius oreades agglutinin (MOA), 31) Polyporus squamosus lectin (PSL), 32, 33) and PPL. 27) But the molecular masses of LSL, MOA, and PSL are more than 28 kDa, higher than those of CNL, CpL, and PPL (<16 kDa). The sugar binding specificities of fungal lectins are different. CNL and PPL prefer GalNAc, LSL recognizes lacto-N-neotetraose, and PSL binds the neuraminyl2-6 structure. CpL and MOA are specific to the -galactosyl residue, but the latter two lectins show distinct specificities. MOA recognizes human blood B erythrocytes, but CpL does not. It is possible that fucose in the blood B group sugar chain is an obstacle to interaction between CpL and blood B sugar. Figure 8 shows a comparison of a partial sequence of CpL with the -repeat of fungal-ricin lectins. In addition to the QXW motif, hydrophobic sites showing -sheets were found in CpL. The identities of CpL to CNL, PPL, Ricin B, and MOA were 30.9, 28.9, 24.3, and 14.2% respectively. In the sequence of MOA, D20, D23, W34, T38, H45, and Q46 were involved in sugar binding. 34) In CpL, AAs corresponding to the D20, T38, and Q46 are found, but the whole sequence of CpL should be determined to clarify the ricin repeat structures.
A comparison of the binding properties of CpL and -galactosyl specific lectin purified from mushroom MOA 35) and LDL 36) and isolectin from seeds of Griffonia simplicifolia (GSI-B4) 37) is presented in Table 6 . Although these lectins bind -galactosides, there were some notable differences. GSIB 4 , LDL, and CpL recognized Gal1-Gal disaccharides, irrespective of the sub-terminal galactose linked in a 1-2, 1-3, or 1-4 position to the terminal galactose. On the other hand, MOA bound specifically to Gal1-3Gal, and its affinity extended to Gal1-3Gal1-4GlcNAc. Further, CpL, like MOA, bound Gal1-3Gal with higher affinity than Me--Gal, which differs from LDL and GS1-B 4 . Although the dissociation effects of free sugars with GNP-CpL complex revealed broad specificity to -galactosyl residues, CpL still showed a preference for Gal1-3Gal (xeno-antigen) and Gal1-4Gal (a concerted disaccharide for P1 and Pk blood group antigen). Both Gal1-3Gal and Gal1-4Gal are considered to be principal glycostructures in the cellsurface receptors of the galactosebinding lectin of Pseudomonas aeruginosa. 38) We conclude that the use of SGNPs to study the sugar binding specificity of lectin is a simple and sensitive method. CpL is of potential interest in the detection and preliminary characterization of glycoconjugates containing Gal1-3Gal and other -galactosyl sugars on the surfaces of endothelial cells 35) and Ehrlich tumor cells, 39, 40) and in the detection of xenoreactive antigens.
41-43) The peptide 1 of CpL is compared with the partial sequences of ricin-type lectins: CNL, reference 29; PPL, reference 27; RicinB1, cited in reference 29; and MOA, reference 31. Sequence alignment was done using Clustal W. AAs identical to those of CpL are shaded in gray, and AAs common to the five sequences are boxed.
Ã AAs involved in hydrogen bonds between MOA and Gal1-3Gal (reference 34). 
